Background Family history may inform risks of gastric cancer and preneoplastic lesions. Methods We examined associations with history of cancer in first-degree relatives for 307 incident gastric cancer cases among 20,720 male smokers in a prospective study in Finland. Cox regression was used to calculate gastric cancer hazard ratios (HR) and 95% confidence intervals (95% CI). Logistic regression was used to estimate odds ratios (OR) and 95% CIs for low serum pepsinogen, a marker of gastric atrophy. Results Gastric cancer risk was associated with gastric cancer history in first-degree relatives overall (HR 1.56, 95% CI 1.15-2.12), in fathers (HR 1.67, 95% CI 1.09-2.55) and in siblings (HR 2.05, 95% CI 1.25-3.38). Associations were significant for noncardia (HR 1.83, 95% CI 1.30-2.57) but not cardia (HR 0.93, 95% CI 0.46-1.87) cancers, and marginal for both intestinal-(HR 1.53, 95% CI 0.92-2.55) and diffuse-type (HR 1.47, 95% CI 0.72-3.03) histologies. Family history of other cancer types was not associated with gastric cancer risk. Family history of gastric cancer was associated with low pepsinogen (OR 1.29, 95% CI 1.11-1.50). Conclusions Family history of gastric cancer is strongly associated with specific subtypes of gastric cancer as well as with gastric atrophy, a risk factor for developing this malignancy.
Introduction
Despite decreasing overall incidence over the past 50 years, particularly in developed countries, gastric cancer still ranks as the fifth most common cancer worldwide and the third leading cause of cancer mortality [1] . An estimated 952,000 new gastric cancer cases and 723,000 gastric cancer deaths occurred globally in 2012. While age-standardized incidence rates are declining, absolute numbers of cases are increasing in some countries due to aging of the populations [2, 3] . Furthermore, divergent trends in different age, race and anatomical subgroups have been reported [4] [5] [6] . In most countries, the mortality-to-incidence ratio is more than 0.8 [7] , reflecting late detection due to absence of specific symptoms and limited therapeutic options for advanced disease [8, 9] . Therefore, identification of high risk individuals is important for surveillance and prevention of gastric cancer.
Family history is a useful screening tool for evaluating cancer risk [10, 11] . Familial aggregation may result from a combination of inherited genetic susceptibility, shared environment and common behaviors. With the exception of a few diseases with highly penetrant genes, the majority of chronic diseases result from the complex interplay of low penetrance genes with environmental and lifestyle risk factors [10] . While these polymorphisms themselves may poorly predict risk within the general population, family history has been shown to be a risk factor for many chronic diseases, including heart disease, osteoporosis, atopy, asthma, type 2 diabetes and certain types of cancer (e.g., colorectal, breast, and ovarian) [11] .
With regard to gastric cancer, first-degree family history of gastric cancer has been consistently associated with increased risk in many populations [12] . However, most studies have been limited to retrospective case-control approaches. Only a few studies, chiefly from Asia, have examined associations with cancers diagnosed after family history was ascertained. To our knowledge, there has been no prospective analysis in a Western population of gastric cancer risks associated with family history of cancer. We, therefore, examined the association of family history of cancer with gastric cancer risk in a large prospective cohort. Furthermore, we explored whether family history of gastric cancer was associated with low serum pepsinogen as a biomarker of gastric atrophy, an intermediate step in Helicobacter pylori-related carcinogenesis.
Materials and methods

Study population
Subjects were from the alpha-tocopherol, beta-carotene (ATBC) Cancer Prevention Study, a randomized, doubleblinded primary prevention trial of daily supplementation with alpha-tocopherol, beta-carotene, or both to reduce incidence of lung or other cancers [13] . A total of 29,133 male smokers aged 50-69 who smoked for at least 5 cigarettes per day were recruited in southwestern Finland between 1985 and 1988. The intervention phase ended in April 1993, but follow-up of the participants is ongoing and for this analysis is complete through December 31st, 2014. Follow-up for cancer was ascertained using the Finnish Cancer Registry, which provides almost 100% case coverage [14] .
Diagnoses of gastric cancer were classified by anatomic subsites according to the International Classification of Diseases, Ninth Revision (ICD-9) as cardia (ICD-9 code 151.0) and noncardia (ICD-9 codes 151.1-151.9, including overlapping and unspecified subsites). Histological subtypes were assessed as intestinal-type, diffuse-type and other/unspecified histologies, according to Lauren classification [15] .
The study was approved by the Institutional Review Boards of both the National Cancer Institute, Bethesda, Maryland, USA and the National Public Health Institute, Helsinki, Finland. All participants provided written informed consent.
Data collection
Study participants completed questionnaires at baseline on demographic characteristics, self-reported medical history, lifestyle factors and food frequency consumption. Body mass index (BMI, kg/m 2 ) was calculated from height and weight measured by trained staff using standardized methods. Family history of cancer in first-degree relatives was assessed by a self-administered questionnaire that was completed in 1991, with detailed information queried for the following nine common cancers; lung, breast, prostate, bladder, pancreas, gastric, colon, rectum, and skin. After excluding those who did not complete the family history questionnaire (n = 8257) and those who developed cancer prior to the follow-up questionnaire (n = 156), non-responses comprised approximately 10-13% of answers for each cancer type, and were considered to represent no family history. Serum pepsinogens were measured for those who continued in the study for more than 3-5 years after enrollment (75% of the original cohort), with low levels defined as pepsinogen I < 25 μg/L [16] . There were thus 19,923 participants with available data for both family history and serum pepsinogen.
Statistical analyses
Gastric cancer hazard ratios (HRs) and 95% confidence intervals (95% CI) associated with cancer family history were estimated using Cox proportional hazards models. For each participant, follow-up time was calculated from the date of questionnaire until the diagnosis of cancer, death or December 31st, 2014. Minimally adjusted models included age at randomization (continuous) and type of assigned intervention (alpha-tocopherol and/or beta-carotene supplements vs. respective placebos) as covariates. Full models were further adjusted for number of siblings (0, 1-3, ≥ 4), BMI (kg/m 2 ), pack-years of smoking (continuous), alcohol drinking (ethanol, g/day), highest level of education (categorical, high vs. low), fruit/fruit juice intake (g/day) and vegetable intake (g/day). Cumulative incidence of gastric cancer in participants with or without cancer family history was calculated using the Kaplan-Meier method, with comparison between the groups performed using the log-rank test. Associations with gastric cancer family history were assessed separately for types of first-degree relationship (i.e., parent, father, mother, sibling), and for anatomic subsites (cardia and noncardia) and histologic subtypes (intestinal, diffuse and other/unspecified) of cancers. p values for heterogeneity were calculated for different anatomic subsites and histologic subtypes [17] . The association between cancer family history and low serum pepsinogen was assessed by odds ratios (OR) and 95% CI from logistic regression. A sensitivity analysis examined the effect of further adjustment by anti-H. pylori seropositivity for participants with available serology analyses for gastric cancer (n = 3382) and low serum pepsinogen (n = 3023).
Furthermore, age-specific HRs of the presence vs. absence of a family history of gastric cancer were calculated for participants' risk of developing gastric cancer before age 70 vs. 70 years or greater, the median age at diagnosis in this population.
We also performed a meta-analysis of previous reports on family history combined with our results. Details for the specific search strategy are included in the Supplementary Materials. The summary estimates were calculated using random-effects models. Relative risks (RRs), cumulative incidence ratios, incidence density ratios, HRs, and ORs were treated as equivalent measures for calculating effect size (ES). Adjusted RRs, when available, were preferentially included in the pooled analyses. We used Q statistics for testing heterogeneity among the different studies, and considered a significance level of < 0.1 for rejecting the null hypothesis of homogeneity. Stratified analyses were further conducted for sex, study design, region (Asia vs. non-Asia), country, anatomic subsite, histologic subtype, and type of family relationship. The meta-analysis was conducted using the package "metan" in STATA [18] .
All statistical analyses were conducted using SAS 9.3 (SAS Institute Inc, Cary, NC) and STATA/SE 14.0 for Windows (Stata Corp LP, College Station, TX). All P values were two sided and were considered significant for p < 0.05.
Results
A total of 307 incident gastric cancer cases were identified during the follow-up period. Cases were anatomically localized to 83 cardia and 224 noncardia subsites and histologically classified as 108 intestinal-type, 58 diffusetype and 141 other/unspecified. The median follow-up was 15 years for cohort participants overall. The baseline characteristics of the total cohort and gastric cancer cases are presented in Supplementary Table 1 . Overall, gastric cancer patients were similar to all cohort participants in terms of age, BMI, pack-years of smoking, level of education, and daily intake of alcohol, fruit and vegetables. Gastric cancer cases had slightly more siblings than cohort subjects overall.
Associations for gastric cancer risk by family history of cancer in first-degree relatives are presented in Table 1 . Except for family history of breast cancer (which was significant in the minimally adjusted model but not in the fullyadjusted model), only family history of gastric cancer was significantly associated with gastric cancer risk.
Overall, the cumulative incidence of gastric cancer was significantly higher in those with a family history of gastric cancer compared to those without (log-rank p = 0.0007) (Fig. 1) .
Clinical characteristics of cancer cases with and without a family history of gastric cancer are shown in Table 2 . Age at diagnosis, time to diagnosis, tumor grade and TNM stages did not differ significantly between the two groups.
Family history of gastric cancer in any first-degree relative was associated with 1.56 times the gastric cancer risk compared to subjects without family history of gastric cancer, after adjustment for age at randomization, type of intervention, number of siblings, BMI, pack-years of smoking, alcohol drinking, highest level of education, and fruit and vegetable intake (Table 3) . Gastric cancer in one (Table 4) . However, the difference between the two subsites did not reach statistical significance (p-heterogeneity = 0.53). For Lauren classification, family history HRs of intestinal-type, diffuse-type and other/unspecified histologic types were similar but only the latter was statistically significant.
Supplementary Table 2 shows age-specific relative risk for age < 70 vs. ≥ 70 years. A positive family history of gastric cancer was significantly associated with elevated risk of participants' diagnosis of gastric cancer at age 70 years or less (HR 1.79), while there was no statistically significant association of family history with participants' risk after age 70 years (HR 1.11). However, the interaction between participant age and family history was not statistically significant (P interaction = 0.19).
In the subset with available data, adjustment for anti-H. pylori seropositivity minimally affected the risk estimates for gastric cancer overall (Supplementary Table 3 ), gastric cancer by anatomic or histologic subtype (Supplementary Table 4 ) and low serum pepsinogen (Supplementary Table 5) .
A meta-analysis of published data yielded a summary gastric cancer RR of 2.31 (95% CI 1.99-2.68; Supplementary Figure 1 ) for any first-degree relative with a family history of gastric cancer, although heterogeneity across studies was statistically significant. Analyses stratified by different categories are presented in Supplementary  Table 5 . The summary estimates by study design were 1.30 (95% CI 1.26-1.34) for cohorts, and 2.56 (95% CI 2.12-3.10) for case-control studies. By anatomical subsite, family history of gastric cancer was significantly associated with noncardia (summary RR 1.97, 95% CI 1.72-2.25), but not with cardia gastric cancer (summary RR 1.46, 95% CI 0.89-2.39). Most published studies compared presence vs. absence of gastric cancer history in parents and siblings separately. The strongest association was observed for family history of gastric cancer in siblings.
There were 1614 (8.1%) participants with low serum pepsinogen. First-degree family history of gastric cancer was significantly associated with OR 1.29 (95% CI 1.11-1.50). Similar to the pattern of family history associations with risk of gastric cancer, the family history associations with risk of low serum pepsinogen were stronger for sibling than parental history (Table 5) . 
Discussion
In this large prospective study with a long follow-up period, first-degree family history of gastric cancer was associated with risk of gastric cancer. In particular, having a father or a sibling with gastric cancer significantly increased the risk. Furthermore, family history of gastric cancer was associated with low pepsinogen, a biomarker of gastric atrophy, which is a known precursor for gastric cancer. Family history of other cancer types was not associated with gastric cancer risk. Family history of gastric cancer has long been considered a risk factor for gastric cancer. However, most prior evidence is from case-control studies, which may be prone to exaggeration of effect size due to recall bias. Indeed, our meta-analyses found a much stronger summary association in case-control studies (2.6-fold) than cohort studies (1.3-fold). A limited number of prospective cohort studies have been conducted, all in Asian populations, with inconsistent results [19] [20] [21] . One study in Korea based on the National Health Insurance Corporation data developed a prediction model incorporating family history of gastric cancer [19] . The HR for family history was 1.30 (95% CI 1.25-1.35) in males, and 1.27 (95% CI 1.19-1.37) in females. In another prediction model in a Japanese population, the HR was 1.37 (95% CI 0.98-1.90) [20] . Another Japanese study reported an OR of 0.89 (95% CI 0.40-1.97) for males and 1.73 (95% CI 0.82-3.65) in females in a nested case-control design [21] . To our knowledge, our study is the first prospective cohort study to evaluate the association of family history of gastric cancer in a Western population. Our risk estimate was in line with the Asian cohort studies, but smaller than most of the case-control studies.
Given that family history reflects not only genetic association but also shared environment and common behaviors, it is noteworthy that family history of other cancer types that share the same risk factors with gastric cancer, such as processed meat consumption in colorectal cancer [22] , was not associated with gastric cancer risk. Interestingly, we observed a significant association with breast cancer family history in a minimally adjusted model, although the significance was attenuated after adjusting for additional covariates. Breast cancer is the second most frequent cancer type in CDH1-affected families, a type of hereditary diffuse gastric cancer [23, 24] . In fact, one US study reported that family history of breast cancer was associated with a 1.8-fold increased OR (95% CI 1.1-2.8) of noncardia gastric cancer [25] . No other specific cancer types were reported to be associated with gastric cancer risk in observational studies [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Conversely, one study had reported family history of gastric cancer to be associated with breast cancer risk [35] . The potential familial associations of breast and gastric cancers need further elucidation.
No previous prospective cohort studies have investigated risk differences by type of first-degree relationships. We found a higher association with sibling than parental family history in our cohort data as well as our meta-analysis of prior case-control studies [27, 28, 31, 32, 34, 36, 37] . Greater risk with sibling history may be due to the additional contribution of shared environment and similar lifestyle habits from childhood to adolescence, since H. pylori infection is generally acquired in childhood [38] . We also found a stronger association with paternal family history compared to maternal family history, which is inconsistent with most previous studies [28, 29, 31, 32, 39] . The discrepancy of our study may be due to limited sample size and needs further investigation.
To our knowledge, this is the first prospective study to investigate family history risk for subgroups of gastric cancer. In most case-control studies, the family history association was insignificant in cardia cancer and significant with noncardia cancer [25, 32, 40] , and even one study which reported both subsites significant showed a stronger association with noncardia cancer [41] . Our study found a significant association in noncardia cancer only, although this association was not statistically different from cardia cancer. With regard to Lauren classification, previous studies reported inconsistent results, overall rendering a similar magnitude of association in our meta-analysis. We report marginally elevated risk for both intestinal and diffuse-type cancers, with no statistically significant difference between the two types.
We did not observe a significant interaction for agespecific relative risks. Family history of gastric cancer in fathers, and/or siblings (but not in mothers) was associated with a statistically significant increased risk among individuals younger than 70 years. Previous studies of age-specific risks have been inconsistent [31, 34, 39] . Our study population had a median age at diagnosis at 70, which may have diluted hypothetically strong genetic association of early onset cancer.
Serum pepsinogen, which is reflective of mucosal atrophy of the stomach [42, 43] , is a useful predictor for gastric cancer risk [44] . In a study restricted to H. pylori-infected individuals in Italy, serum pepsinogen levels were lower in first-degree relatives of gastric cancer patients when compared to age-and sex-matched dyspeptic patients with no family history [45] . However, a study from Germany found no association of gastric cancer family history with development of chronic atrophic gastritis, defined by serum pepsinogen status, after a five-year follow-up [46] . A Japanese study, based on endoscopically diagnosed gastric atrophy rather than serology, found an association with family history of gastric cancer (OR 3.97, 95% CI 1.41-10.60) [47] . Our finding that family history of gastric cancer is associated with this early stage of the gastric carcinogenesis cascade may partially explain the family history association with gastric cancer.
We found risks of both gastric cancer and low serum pepsinogen more strongly associated with sibling than parental history of gastric cancer. A potential explanation is concordance of H. pylori infection status as well as molecular subtype, which tend to be stronger between siblings than between parents and offspring [48] [49] [50] [51] .
Our study has several strengths. First, the prospective design avoids selection or recall biases and reverse causation. Second, the number of cases in our study was large enough to allow a more comprehensive analysis across age, anatomical and histological subgroups, as well as accounting for potential confounders. Third, we observed an association of family history with low pepsinogen supporting the hypothesized pathophysiologic pathway.
One of the limitations of our study is that the findings from our study population, who are male smokers, may have limited generalizability. Nonetheless, risk estimates from the current analysis were consistent with previous reports. Another limitation may be the method of assessment of our main exposure variable. Family history was based on self-report from questionnaires, and like most studies, it was infeasible to validate the reported cancers. However, the 18% prevalence of family history among our cases was midway between the lowest (11% in a US population [25] ) and highest (21% in an Italian study [37] ) Western populations included in the meta-analysis. Underreporting may be possible but is unlikely to differ by cancer status, since the information was collected years prior to diagnosis [52] . Nondifferential misclassification usually attenuates risk estimates toward the null, with expected true estimates larger than the observed values [53] . Moreover, since the information regarding family history was only collected once during the study, it is possible that additional family members were diagnosed with gastric cancer during the follow-up period, which would have led to underestimating the prevalence of cancer family history. Detection bias may result from more attentive screening of those with a family history of cancer, but mass screening for gastric cancer is not implemented in Finland. In fact, in our study population neither age at diagnosis nor stage at diagnosis differed significantly between cases with and without family history. Furthermore, we did not have information about inheritable syndromes associated with gastric cancer risk, such as hereditary diffuse gastric cancer, gastric adenocarcinoma and proximal polyposis of the stomach, familial intestinal gastric cancer, hereditary nonpolyposis colon cancer, Li-Fraumeni syndrome, Peutz-Jeghers syndrome and familial adenomatous polyposis [54, 55] . However, hereditary cancer syndromes are only linked to less than 3% of gastric cancer cases [56] .
In summary, our long-term prospective study provides additional evidence that a family history of gastric cancer conveys a substantially increased risk for gastric cancer. Mass screening for gastric cancer is impractical in low and moderate incidence populations. Nevertheless, our results suggest that risk stratification by the simple assessment of family history may identify a higher risk subgroup that warrants targeting consideration for targeted screening approaches.
